controls, but this is often difficult, particularly when analysing hospital patients or children. Some investigators recommend analysing 10 or so controls and cryopreserving cells from the median three responders. 2 Newer, simpler methods may address some of these shortcomings.
The use of carboxyfluorescein succinimidyl ester (CFSE) has generated widespread interest for tracking cells in vivo and also tracing their mitotic activity. 3 This fluorescent dye stains intracellular proteins and generates a fluorescent signal that progressively halves with each mitosis. Reduction in fluorescence intensity can be quantified by flow cytometry (FCM) and an algorithm used to evaluate the extent of blastogenesis. Furthermore, cultured cells can be stained for expression of other cell surface markers to define lineage or activation state.
The present paper summarizes our experience with a CFSE-based assay for the assessment of mitogenic and antigenic T cell proliferation, using phytohaemagglutinin (PHA) and Candida antigen as candidate mitogenic and antigenic stimuli, respectively, in comparison to the traditional [ 3 H]-thymidine-based blastogenesis assay.
Phytohaemagglutinin blastogenesis assay

Carboxyfluorescein succinimidyl ester-based assessment of blastogenesis
The traditional blastogenesis assay requires culture of peripheral blood mononuclear cells over a 3-day period with increasing doses of PHA, a [ 3 H]-thymidine pulse being added for the final 6 h. The CFSE-based assay is essentially identical to this, Figure 1 The 3 day blastogenic response of carboxyfluorescein diacetate succinimidyl ester (CFSE)-labelled peripheral blood mononuclear cells to stimulation with PHA at a dose of 0 µg/mL (upper three panels), 1 µg/mL (middle three panels) and 5 µg/mL (lower three panels). The CFSE-based blastogenesis methodology has been described in detail. 4 Briefly, peripheral blood lymphocytes were labelled with CFSE by incubation at 37°C at a cell density of 5 × 10 7 cells/mL with 7.5 µmol/L CFSE in Roswell Park Memorial Institute media (RPMI) without added protein. After 10 min, cells were washed in RPMI supplemented with 10% AB serum at 4°C and then cultured at 1 × 10 5 /200 µL well. Cells were stimulated with phytohaemagglutinin (Murex Biotech Ltd, England, Cat HA16) at 0, 1 and 5 µg/mL then harvested after 3 days. Cells were then stained for CD3 (anti-CD3-PECy5, Immunotech, Marseille, France) and either CD69 (anti-CD69-PE, Becton Dickinson, San Jose, CA, USA) or CD25 (IL-2Rα) (anti-CD25-PE, Becton Dickinson). All plots were gated on CD3-positive cells (histograms not shown), while the histograms of (b) and (c) were also gated to include both resting lymphocytes (R1) and blasts (R2). (Fig. 1a) . Their activated state was accompanied by upregulation of the IL-2Rα (Fig. 1b) and by cellular division represented by progressive halving of CFSE intensity (Fig. 1c) . Even after 3 days, however, not all cells had entered cell cycle, particularly at the lower stimulation dose.
Measuring mitotic activity with CFSE
The mitotic activity of the T cell population can be estimated based on the number of cell divisions, expressed as a proportion of the entire starting T cell population. This algorithm assumes that the presence of two cells in a lower CFSE fluorescence gate arose from the mitosis of a single cell of the next highest fluorescence intensity. A simple formula (see Angulo and Fulcher 4 ) yields the 'division index', a value of 1 representing one mitosis for every cell added to culture. This analysis can be directed to a specific population of cells defined by both light scatter characteristics and cell surface antigen expression.
In a typical analysis of PHA-stimulated cells, light scatter profiles of CD3-positive cells are used to calculate the percentage of T cells that have moved from the resting (Fig. 1,  R1 ) to the blast (Fig. 1, R2 ) population ('percentage blast transformation', %BT). Histograms displaying CFSE and activation marker expression are gated by light scatter to include all viable T lymphocytes (i.e. both resting and blast cells), and the CFSE histogram is then used to determine the division index (DI). Both DI and %BT values are likely to underestimate overall mitotic activity, because cells that die in culture will not be included and cell divisions that follow dilution of CFSE intensity to autofluorescence levels cannot be evaluated.
Correlation with [ 3 H]-thymidine incorporation
To determine the validity of CFSE-based measures of blastogenic activity, DI and %BT values were compared with [ 3 H]-thymidine incorporation in 11 normal controls along with two patients with T cell deficiency. The latter included a patient with systemic lupus erythematosis, multiple opportunistic infections and marked CD4 lymphopenia, persistent after withdrawal of all immunosuppressive medication, and a 6-month old boy with di George syndrome. Given the greater cell numbers required for flow cytometry, CFSE analysis was restricted to three PHA concentrations (0, 1 and 5 µg/mL), while [ 3 H]-thymidine incorporation was measured at 0, 1, 2.5, 5, 10 and 25 µg/mL and the peak uptake determined.
All 11 control subjects demonstrated normal blastogenic responses based on incorporation of [ 3 H]-thymidine, while the 
Figure 3
The PHA responses, as determined by carboxyfluorescein diacetate succinimidyl ester (CFSE), in a control subject and the patient with systemic lupus erythematosus and CD4 lymphopenia. Gating strategy is identical to the corresponding plots in Fig. 1. two patients with T cell deficiency had 'flat' responses (see Fig. 2 ). The CFSE-based assay also reflected these differences. T cells from control subjects moved into the blast gate and divided whereas T cells from the patients with T cell deficiency did not respond in either fashion (Fig. 3) . Furthermore, CFSE-derived values correlated well with the peak [ 3 H]-thymidine uptake, with good discrimination between responders and non-responders in this small cohort of subjects (Fig. 4) . Quantitative analysis demonstrated that the two patients with T cell dysfunction showed reduced division indices (Fig. 4a,b ) and blast transformation percentages (Fig. 4c,d ), which corresponded with low uptake of radionucleotide. The inability of radionucleotide-based assays to discriminate between poor T cell function as opposed to decreased T cell numbers was overcome by the CFSE-based assay, which was able to determine the mitotic activity of T cells even when they constituted the minority of the cultured population.
Activation markers and cell cycle
T-cell responsiveness to mitogen can also be analysed according to the expression of a number of activation markers. CD69 is expressed soon after activation, peaking at 24 h, while expression of CD25 and CD71 is maximal after several days' stimulation. 5 In the 13 subjects analysed above, the CD69 response did not differ between the two patients with T cell immunodeficiency and control subjects (Fig. 4e,f) . This may have been due to harvesting the cells at a time well past that of maximal expression, a drawback that may be overcome using other activation markers that peak at later timepoints.
Staining for T-cell activation markers as well as with CFSE afforded a unique opportunity to examine the relationship between their expression and the cell cycle. After 3 days in culture, undivided cells demonstrated high expression of CD69, similar at both PHA doses examined, which then declined progressively with each cell division (Fig. 5) . This demonstrated that the designation of CD69 as an early T-cell activation marker is an over-simplification, because expression was only 'early' in terms of progression through the cell cycle rather than time in culture. One explanation for these observations was that synthesis and expression of CD69 occurred soon after activation, at a stage preceding cell division, and that the subsequent decline occurred as a result of a mitotic dilutional effect. By contrast, expression of CD25 was directly proportional to the mitogenic stimulus and bore no apparent relationship to cell cycle (Fig. 5) , suggesting active synthesis throughout the culture period irrespective of mitosis.
Antigen-specific assays
Phytohaemagglutinin induces almost all T cells to enter cell cycle, hence the kinetic activity of stimulated cells proved relatively easy to measure. In the case of antigenic T-cell stimulation, it was expected that only a small minority of the cultured T cells would respond to any given antigen and therefore that mitotic activity may be difficult to detect by flow cytometry above the background of unstimulated cells. Indeed, this proved to be the case when the entire population of CFSE-labelled T cells from Candida-exposed women were cultured with Candida antigen (data not shown). However, by directing analysis to cells which migrated into the 'blast' light scatter gate, the typical CFSE dilutional pattern was found. Thus, subjects who had not been infected with Candida, or had chronic candidiasis, showed no blast transformation and minimal cell division, whereas T cells from Candida-responsive controls divided normally (Fig. 6) . Similar to the PHA analysis, there was good correlation between CFSE-derived indices (DI, %BT and the derived product of these two values) and [ 3 H]-thymidine incorporation in the 5-day culture. 4 It should be noted that in occasional non-responders, a significant number of CD3 + cells were sometimes found in the blast scatter gate but these T cells were non-mitotic, emphasizing the need to measure mitotic activity in conjunction with alterations in cell size. This prompted the mutliplication of the two values (DI and %BT) to generate the 'weighted division index', which combined these parameters into a single derived value.
Expression of CD69 was also analysed in this antigenspecific assay by gating on the entire T cell population in culture. In contrast to the PHA studies, there did appear to be differences in the two patient populations, with Candida responders demonstrating an increased proportion of CD69 + T cells in comparison to non-responders. 4 However, there was significant overlap between the two groups and differences were less useful than mitotic values. Our interest has focused on Candida blastogenesis, due to a clinical interest in patients with recurrent Candida infections, although the same principles should be generally applicable to the measurement of T-cell responsiveness to other antigens.
Conclusion
The close relationship between traditional measures of T-cell responsiveness and CFSE-derived values has supported a change in our diagnostic laboratory away from cumbersome radioisotope-based assays towards newer CFSE-based assays employing flow cytometry. The latter are: (i) less labour intensive; (ii) cheaper to perform; (iii) able to focus analysis on particular lymphocyte subsets; and (iv) able to measure expression of activation markers directly and in terms of cell cycle. Their utility in the assessment of patients with suspected immunodeficiency disorders is the subject of ongoing evaluation.
Figure 6
Candida-specific T-cell blastogenesis in a typical responder (left panels) and a non-responder (right panels). Carboxyfluorescein diacetate succinimidyl ester (CFSE)-labelled peripheral blood mononuclear cells were cultured with Candida antigen (Bayer) at 0, 0.78 and 12.5 mg/mL and harvested after 5 days. Dot-plots are gated on CD3-positive cells, while CFSE histograms are gated on CD3-positive blasts (R2).
